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DETERMINING EFFECTS OF TURBINE 
BLADES ON FLUID MOTION 

STATEMENT REGARDING FEDERAL RIGHTS 

This invention was made with government support under 
Contract No. DE-AC52-06NA25396 awarded by the US. 
Department of Energy. The government has certain rights in 
the invention. 

BACKGROUND OF THE INVENTION 

Wind is a vast resource for clean and renewable energy. 
Development of wind as a source of electrical power helps 
reduce CO2 emissions produced by the generation of electric 
ity. To generate electricity from wind, large wind turbines are 
used to convert the kinetic energy of the wind into electricity. 
As a wind turbine extracts energy from the wind, the air slows 
down and the nature of the wind ?eld is modi?ed. Thus, the 
kinetic energy of the higher speed wind is transferred to the 
wind turbine resulting in slower speed wind. 

Commercial production of electric power from wind is 
typically produced in wind farms. These wind farms may 
consist of a few doZen to a hundred or more wind turbines. 

The wind turbines in a wind farm may be distributed over 
many hundreds of square kilometers. The wind turbines in a 
wind farm may also share a power collection and communi 
cation network. 

SUMMARY OF THE INVENTION 

An embodiment of the invention may therefore comprise a 
method of determining an effect of a turbine blade on gases in 
a computational cell, comprising: determining a radial sec 
tion of said turbine blade that lies within said computational 
cell; determining an initial ?ow vector at a beginning of a time 
step; determining a force vector evolved over a duration of 
said time step on said radial section based on said initial ?ow 
vector; and, based on said force vector, determining an 
evolved ?ow vector. 
An embodiment of the invention may therefore further 

comprise a method of determining an effect of a turbine blade 
on a plurality of Eulerian computational cells, comprising: 
dividing said turbine blade into a plurality of radial sections; 
determining a moving subset of said plurality of Eulerian 
computational cells, wherein each cell of said moving subset 
includes at least a portion of one of said plurality of radial 
sections; determining which of said plurality of radial sec 
tions is included in each of said moving subset; based on an 
initial ?ow vector for a ?rst cell of said moving subset, and a 
property of a ?rst radial section that is included in said ?rst 
cell, determining a force vector; and, based on said force 
vector, determining an evolved ?ow vector for said ?rst cell 
after a duration of a time step. 
An embodiment of the invention may therefore further 

comprise a computer readable medium having instructions 
stored thereon for determining an effect of a turbine blade on 
a plurality of Eulerian computational cells that, when 
executed by a computer, at least instruct the computer to: 
divide said turbine blade into a plurality of radial sections; 
determine a moving subset of said plurality of computational 
cells, wherein each cell ofsaid moving subset includes at least 
a portion of one of said plurality of radial sections; determine 
which of said plurality of radial sections is included in each of 
said moving subset; based on an initial ?ow vector for a ?rst 
cell of said moving subset, and a property of a ?rst radial 
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2 
section that is included in said ?rst cell, determine a force 
vector; and, based on said force vector, determine an evolved 
?ow vector for said ?rst cell. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is an illustration of a radial section of a turbine 
blade. 

FIG. 2 is a two-dimensional representation of three-dimen 
sional Eulerian computation cells that include a radial section 
of a turbine blade. 

FIG. 3 is an illustration of a cross-section of a turbine blade 
included in a Eulerian computational cell. 

FIG. 4 is a ?owchart illustrating a method of determining 
an effect of a turbine blade in a computational cell. 

FIG. 5 is a ?owchart illustrating a method of determining 
an effect of a turbine blade on a plurality of Eulerian compu 
tational cells. 

FIG. 6 is a ?owchart illustrating a method of determining a 
thrust and torque associated with a turbine blade. 

FIG. 7 is a block diagram of a computer system. 

DETAILED DESCRIPTION OF THE 
EMBODIMENTS 

In an embodiment, the effect a moving turbine blade has on 
the velocities of gases in a grid (or mesh) of computational 
?uid dynamics (CFD) computation cells, and visa versa, is 
determined. The turbine blades of a wind turbine are divided 
into a certain number of elements that may each have the same 
width. As the turbine blade rotates in a simulation, these 
elements pass through the ?eld of computation cells. At each 
time step of the simulation, the effect of each element on the 
?ow ?eld in the computation cell that all or a portion of that 
element resides in is calculated. The forces that the ?ow ?eld 
puts on the elements of the blade is calculated as well. As the 
time steps of the simulation progress, the elements of the 
turbine blade pass through different computation cells. 

FIG. 1 is an illustration of a radial section of a turbine 
blade. In FIG. 1, wind turbine 100 is illustrated with turbine 
blades 101-103 connected to, and rotating around, hub 120. 
Turbine blade 101 is shown with a length R. A radial section 
110 of turbine blade 101 is also illustrated. The approximate 
midpoint of radial section 110 lies at a distance r from the 
center of hub 120. Radial section 110 is moving at an angular 
velocity of Q in the clockwise direction. 

FIG. 2 is a two-dimensional representation of three-dimen 
sional Eulerian computation cells that include a radial section 
ofa turbine blade. In FIG. 2, like FIG. 1, wind turbine 100 is 
illustrated with turbine blades 101-103 connected to, and 
rotating around, hub 120. FIG. 2 also includes a plurality of 
computational cells 130. FIG. 2 shows radial section 110 
included in computational cell 131. A different radial section 
111 is shown in computational cell 132. 

Computational cells 130 represent a discretiZation of the 
spatial domain into small cells to form a volume mesh or grid. 
This technique of discretiZation of space is common among 
computational ?uid dynamics (CFD) techniques and pro 
grams. Each computational cell 130 represents a physical 
volume of space being simulated by the CFD tool. 

Computational cells 130 are shown as two-dimensional 
squares in FIG. 2. However, it should be understood that 
computational cells 130 typically represent three-dimen 
sional volumes. In addition, computational cells 130 may 
represent irregular shapes such as triangles and pyramids 
instead of squares and cubes. Once a space is discretiZed, a 
CFD program may simulate ?uid ?ows and behavior in that 
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space by iteratively solving various equations of ?uid motion 
across the computational cells 130 at discrete time steps. 

FIG. 3 is an illustration of a cross-section of a turbine blade 
included in a Eulerian computational cell. FIG. 3 illustrates 
radial section 110 inside of computational cell 131. Thus, 
FIG. 3 illustrates What is shoWn if FIG. 2, except FIG. 3 is 
from a perspective vieW along a line running from the tip of 
the turbine blade to the center of hub 120. 

FIG. 3 also illustrates a coordinate system for the following 
discussion. That coordinate system de?nes the aZimuthal 
direction (or y-axis) as running vertically in FIG. 3. In this 
illustration, this direction is also parallel to the plane of rota 
tion of turbine blade 110. It should be understood that this is 
for illustration purposes and that it is not necessary to have the 
y-axis parallel to the plane of rotation of turbine blade 110. 
The axial direction (or x-axis) is shoWn in FIG. 3 as running 
horizontally. A third axis (not shoWn) is the radial direction 
Which Would be out of the page at a right angle to both the 
x-axis and y-axis. If the Eulerian grid is not aligned With the 
x, y, and radial directions of these axis, then a simple coordi 
nate transformation can translate velocities and forces back 
and forth from turbine axis, shoWn in FIG. 3, to Eulerian grid 
coordinates. In this Way the formulation described herein is 
independent of the details of the Eulerian grid. 
An upWind ?oW vector (W0), and its axial and aZimuthal 

components (uO and v0, respectively) is shoWn to the left of 
computational cell 131. A relative ?oW vector (W,) that cor 
responds to the Wind relative to the motion of the blade, and 
its axial and aZimuthal components (u, and v,, respectively) is 
shoWn to the inside of computational cell 131. The ?oW of the 
Wind relative to the blade is de?ned as the difference betWeen 
the absolute Wind velocity (W0) and the blade segment veloc 
ity (vbs). A doWnWind ?oW vector (W1), and its axial and 
aZimuthal components (ul and v1, respectively) is shoWn to 
the right of computational cell 131. There are also ?oWs on 
the other sides of the cell as Well, but for this description the 
left and right ?oWs are described for demonstration purposes. 
There is average ?oW vector (Wl31”) that represents the mass 
Weighted average of the ?oW Within the computational cell at 
time step n. A force vector (AF), and its axial and aZimuthal 
components (AF,C and AFy, respectively) are shoWn inside of 
computational cell 131. 

Force vector AF represents the force on turbine blade 101 
attributable to radial section 110 from the ?oW inside of 
computational cell 131 (W13 1”). According to NeWton’s Sec 
ond LaW, the forces represented by force vector AF are 
accompanied by a force of equal magnitude but opposite 
direction put on the ?uid represented by computational cell 
131 (Wl31”) by the turbine blade section 110. This results in 
an acceleration (positive or negative rate of change in veloc 
ity) of the ?oW Within computational cell 131. It is assumed 
that the same force AF is present over some short time span or 
time step (At or dt). This assumption alloWs for the determi 
nation of the change in the ?oW vector W13 1 over the length of 
the time step and calculate a neW mass Weighted average ?oW 
vector in cell 131 at time n+1 (Wl31”+l). The calculation of 
W131”+1 also included the impacts of the other forces put on 
the gases in the ?oW ?eld such as gravity and external pres 
sure forces, but those are captured by the basic CFD model. 
This calculation of W131”+1 can be accomplished through 
explicit or implicit numerical CFD schemes. Once the 
changes in ?oW ?elds in surrounding computational cells are 
calculated the neW upWind and doWnWind velocities can be 
calculated as Well. The difference betWeen the upWind and 
doWnWind ?uid ?oW (W0 and W1) across computational cell 
131 may be referred to as a blade segment Wake. The combi 
nation of these differences for all segments of the turbine 
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4 
blades as Well as their effects as they are carried doWnstream 
of the turbine is commonly called the turbine Wake. 
The initial ?uid ?oW vector W131” associated With compu 

tational cell 131 Will be affected by the ?uid ?oW entering or 
exiting adjacent computational cells and external or body 
forces applied to the ?oW ?eld. In another embodiment, initial 
?uid ?oW vector W131” associated With computational cell 
131 may be the updated ?uid ?oW inside computational cell 
131 from a previous time step. The updated or evolved ?uid 
?oW vector W131”+1 exiting computational cell 131 is deter 
mined by the initial ?oW vectorW13 1” and the sum of all of the 
forces acting on it including its interaction With radial section 
110. These interactions are affected by the angular velocity Q 
and the geometrical properties of radial section 110. The 
geometrical properties of radial section 110 may include, but 
are not limited to, the shape of the radial section 110 Which 
has an associated coe?icient of lift and the coe?icient of drag, 
radial distance r and direction from hub 120, the angle 
betWeen the plane of rotation and the turbine blade chord ([3), 
the angle betWeen the plane of rotation and the projection of 
the initial ?oW vector, W131” on the x-y plane ((1)), and the 
angle betWeen the turbine blade chord and the projection of 
the initial ?oW vector, W131”, on the x-y plane. Alpha (or) is 
also known as the angle of attack. 

To determine the force vector AF for an iterative time step, 
it is ?rst assumed that effect of the ?uid ?oW in the radial 
direction has either no effect on the force vector or that its 
effect has been accounted for in previous corrections to the lift 
and drag coe?icients associated With the radial section 110. It 
is also assumed, for simplicity, for all the force calculations, 
the radial component of the force vectors is taken to be Zero. 
The evolution of the radial component of the initial ?oW 
vector, W131” into the radial component of the evolved ?oW 
vector W131”+1 is assumed to be unaffected by the direct 
interaction With the blade. HoWever, other forces in the ?oW 
?eld including secondary effects of the blade may accelerate 
the ?oW in a radial direction. 
The relative velocity at time step n of radial section 110 in 

the aZimuthal direction is calculated as: vrqlo'tQr and the 
relative velocity in the axial direction is the same as the 
x-component of the ?oW vector because the blade is de?ned 
as being in the plane perpendicular to the x-direction. (Note, 
in FIG. 3, the direction of rotation is taken to be a positive 
number for rotation in the positive aZimuthal direction.) Thus 
the relative Wind vector experienced by radial section 110 is 
W,:Wl31”—vbS. The magnitude of relative Wind velocity 
experienced by radial section 110 is determined by: 

The use of the initial velocities for the time step is used in the 
context of an explicit CFD calculation, but it is also possible 
to solve the calculation With a fully implicit solution of the 
Navier-Stokes equation by using: 

The drag force vector (AD) associated With radial section 110, 
Which is in the direction parallel to W, is determined by: 

1 2 
AD = ZpWr CDA 

Where: p is the density of air; CD is the coe?icient of drag 
for radial section 110; andA is the area of radial section 110. 
The area of radial section 110 (A) is de?ned as the length of 
the chord line intersecting radial section 110 and the radial 
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Width of radial section 110. The lift force vector (AL), Which 
is in the direction perpendicular to W, and the radial direction 
is determined by: 

1 2 
AL: ZpWr CLA 

Where CL is the coe?icient of lift for radial section 110. CD 
and C L are functions of the angle of attack, 0t. 
The axial component of force vector AF,C is determined by: 

AFXIAL cos ¢—AD sin 4). 

The azimuthal component of force vector AFy is determined 
by: 

AFyIAL sin ¢—AD cos 4). 

By applying NeWton’s Second LaW using these forces 
acting on the volume of ?uid represented by computational 
cell 131, the evolution of the axial and aZimuthal components 
of the ?uid ?oW vector W131”+1 due to the blade section 110 
may be determined as: 

H . . . d1 

14” = 14" — [AFX — (other forces in x direction)] — 
m 

and 

+1 . . . d1 

v” = v” — [AFy — (other forces in y direction)] 

Where m is the mass of the air in the computational cell 131 
and dt is the incremental amount of time in a simulation time 
step. The other forces in the x and y direction are those 
imparted by the ?oW ?eld or other drivers that are not perti 
nent to this disclosure except that these forces are integrated 
along With the turbine forces to modify the entire velocity 
?eld through the descretiZation of the Navier-Stokes equa 
tion. This process is essentially performed With CFD model 
through the addition of the lift and drag as body forces in 
computational cell 131. Thus, a neW or evolved ?oW vector 
W131”+1 may be determined from these calculations of u”+l, 
W“, from the ?oW vectors in cell 131 W 1 3 l”, and surrounding 
cells determined previously. 

FIG. 4 is a ?owchart illustrating a method of determining 
an effect of a turbine blade in a computational cell. A radial 
section that lies Within a computational cell is determined 
(402). For example, it may be determined that radial section 
110 of turbine blade 101 lies partially, or entirely, Within 
computational cell 131. An initial ?oW vector is determined 
(404). This initial ?oW vector may be determined through the 
solution of the Navier-Stokes and conservation of mass and 
energy equations at the previous time step. If a radial blade 
segment Was present in computational cell 13 1 in the previous 
time step it Would have affected the ?oW in the previous time 
step as Well. 

Based on the initial ?oW vector, a force vector exerted on 
the radial section is determined (406). This may be repeated 
for each time step. Assuming the use of an explicit CFD 
calculation, the force vector corresponds to the turbine 
induced force. For example, the lift and drag forces on radial 
section 110 may be determined from the ?oW vector that Was 
evolved from the forces of the previous time step. Based on 
the force vector and the other forces calculated by the CFD 
calculations, an evolved ?oW vector is determined (408). This 
evolved ?oW vector may be used to represent the ?oW at the 
end of the time step. 
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6 
FIG. 5 is a ?oWchart illustrating a method of determining 

an effect of a turbine blade on a plurality of Eulerian compu 
tational cells. The turbine blade is divided into multiple radial 
sections (502). For example, turbine blade 101 may be 
divided into multiple radial sections along a radial axis, such 
as radial section 110 and radial section 111, that collectively 
make up a model of the turbine blade. A moving subset of 
computational cells that include at least a portion of one of the 
radial sections is determined (504). For example, computa 
tional cells 130 may be determined to each include at least a 
portion of turbine blade 101 and thus a portion of one or more 
of the radial sections created in block 502. The subset of 
computational cells is a subset of all the computational cells 
being simulated in that it does not include those computa 
tional cells that don’t, at this time step of the simulation, 
include at least a portion of a turbine blade 101. The subset is 
moving in that from time step to time step, the members of the 
subset may change as turbine blade 101 rotates around hub 
120. 
An initial ?oW vector is determined for each of the com 

putational cells in the moving subset (506). For example, an 
initial ?oW vector for computational cells 130 may be deter 
mined in a manner discussed previously as a result of forces 
acting on air in that cell in earlier time steps and the velocities 
of the air carried into that cell. Which radial sections are 
included in Which computational cells of the moving subset is 
determined (508). For example, it may be determined that 
radial section 110 is included in computational cell 131 and 
radial section 111 is included in computational cell 132. 
A ?rst cell is selected from the moving subset (510). For 

example, computational cell 131 may be selected for deter 
mination of the effect that radial section 110 Will have on that 
cell. Based on an initial ?oW vector for the ?rst cell, and 
properties of a ?rst radial section included in the ?rst cell, a 
force vector is determined (512). For example, based on an 
initial ?oW vector for computational cell 131, and the coe?i 
cient of lift and drag for radial section 110, a force vector 
acting on radial section 110 may be determined. This deter 
mination may be accomplished in the manner discussed pre 
viously. The ?oW vector for the ?rst cell is determined based 
on the force vector (514). The ?oW vector may be evolved to 
?nd a ?oW vector at the end of the time step by combining the 
force vector contributions from all radial blade segments in 
the ?rst cell as Well as the other hydrodynamic forces com 
puted by the CFD calculation. For example, the ?uid ?oW 
vector for computational cell 131 may be affected by the force 
vector determined in block 514. This evolved ?uid ?oW vec 
tor may be determined in the manner discussed previously 
through the integration of the forces acting on the ?uid in the 
cell. This may include the negative of the force that the ?oW 
?eld puts on the blade segments. 

FIG. 6 is a ?oWchart illustrating a method of determining a 
thrust and torque associated With a turbine blade. The steps in 
FIG. 6 are shoWn outlined in dashed lines to indicate that each 
step is optional. A step shoWn in FIG. 6 may be performed 
Without performing the other step, and visa versa. 
The axial components of the force vectors are integrated 

over a plurality of radial sections to determine a thrust for the 
turbine blade. For example, the radial sections that comprise 
turbine blade 101 (such as radial sections 110 and 111) may 
be each associated With force vectors calculated during a time 
step. The axial components of these force vectors (e. g., AFX) 
may be integrated over the many radial sections that make up 
turbine blade 101 to determine a thrust associated With tur 
bine blade 101 and the same for the other blades. 
The aZimuthal components of the force vectors are inte 

grated over a plurality of radial sections to determine a torque 
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for the turbine blade. For example, the radial sections that 
comprise turbine blade 101 (such as radial sections 110 and 
111) may be each associated With a force vector calculated 
during a time step. The aZimuthal components of these force 
vectors (e.g., AFy) may be integrated over the many radial 
sections that make up turbine blade 101 to determine a torque 
associated With turbine blade 101 and the same for the other 
blades. 

The methods, systems, tools, simulations, computational 
cells, and programs described above may be implemented 
With or executed by one or more computer systems. The 
methods described above may also be stored on a computer 
readable medium. 

FIG. 7 illustrates a block diagram of a computer system. 
Computer system 700 includes communication interface 720, 
processing system 730, storage system 740, and user inter 
face 760. Processing system 730 is operatively coupled to 
storage system 740. Storage system 740 stores software 750 
and data 770. Processing system 730 is operatively coupled to 
communication interface 720 and user interface 760. Com 
puter system 700 may comprise a programmed general-pur 
pose computer. Computer system 700 may include a micro 
processor. Computer system 700 may comprise 
programmable or special purpose circuitry. Computer system 
700 may be distributed among multiple devices, processors, 
storage, and/or interfaces that together comprise elements 
7 20-7 7 0. 

Communication interface 720 may comprise a netWork 
interface, modem, port, bus, link, transceiver, or other com 
munication device. Communication interface 720 may be 
distributed among multiple communication devices. Process 
ing system 730 may comprise a microprocessor, microcon 
troller, logic circuit, or other processing device. Processing 
system 730 may be distributed among multiple processing 
devices. User interface 760 may comprise a keyboard, mouse, 
voice recognition interface, microphone and speakers, 
graphical display, touch screen, or other type of user interface 
device. User interface 760 may be distributed among multiple 
interface devices. Storage system 740 may comprise a disk, 
tape, integrated circuit, RAM, ROM, netWork storage, server, 
or other memory function. Storage system 740 may be a 
computer readable medium. Storage system 740 may be dis 
tributed among multiple memory devices. 

Processing system 730 retrieves and executes software 750 
from storage system 740. Processing system may retrieve and 
store data 770. Processing system may also retrieve and store 
data via communication interface 720. Processing system 
750 may create or modify software 750 or data 770 to achieve 
a tangible result. Processing system may control communi 
cation interface 720 or user interface 770 to achieve a tangible 
result. Processing system may retrieve and execute remotely 
stored softWare via communication interface 720. 

Software 750 and remotely stored softWare may comprise 
an operating system, utilities, drivers, netWorking softWare, 
and other softWare typically executed by a computer system. 
SoftWare 750 may comprise an application program, applet, 
?rmware, or other form of machine-readable processing 
instructions typically executed by a computer system. When 
executed by processing system 730, softWare 750 or remotely 
stored softWare may direct computer system 700 to operate as 
described herein. 
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8 
The foregoing description of the invention has been pre 

sented for purposes of illustration and description. It is not 
intended to be exhaustive or to limit the invention to the 
precise form disclosed, and other modi?cations and varia 
tions may be possible in light of the above teachings. The 
embodiment Was chosen and described in order to best 
explain the principles of the invention and its practical appli 
cation to thereby enable others skilled in the art to best utiliZe 
the invention in various embodiments and various modi?ca 
tions as are suited to the particular use contemplated. It is 
intended that the appended claims be construed to include 
other alternative embodiments of the invention except insofar 
as limited by the prior art. 
What is claimed is: 
1. A method of determining a time-dependent in?uence of 

a rotating Wind turbine blade on a surrounding gas ?oW ?eld 
affecting the Wake of said turbine blade, Within an array of 
computational cells, using a computer system, comprising: 

determining a radial blade section of saidturbine blade that 
lies Within a chosen computational cell; 

determining an initial ?uid ?oW vector representing the 
?oW Within said chosen computational cell at a begin 
ning of a time step using said computer system; 

determining a force vector exerted on said radial blade 
section based on said initial ?uid ?oW vector imparted 
by said gases of said gas ?oW ?eld in said chosen com 
putational cell on said radial blade section over a dura 
tion of said time step using initial upWind and doWnWind 
?uid ?oW vectors, a blade section velocity vector, and a 
blade section orientation; Wherein said force vector 
imparted by said radial blade section on said gases in 
said chosen computational cell is determined using said 
computer system; 

determining an evolved ?uid ?oW vector at an end of said 
time step from changes of said gas ?oW ?eld imparted by 
said force vector of said radial blade section from said 
force vector using said computer system; and 

determining evolved upWind and doWnWind ?uid ?oW vec 
tors across said chosen computational cell from said 
force vector, and the difference therebetWeen, using said 
computer system. 

2. The method of claim 1, Wherein determining said force 
vector is further based on an angular velocity, instantaneous 
position, orientation, and surrounding ?oW ?eld of said radial 
blade section. 

3. The method of claim 1, Wherein determining said 
evolved ?uid ?oW vector is further based on a force that Winds 
generate on said radial blade section of said turbine blade and 
pressure and forces imparted by said gases in said gas ?oW 
?eld. 

4. The method of claim 1, Wherein said evolved ?uid ?oW 
vector is further based on a simulation time step, a volume of 
said computational cell, a mass of air Within said computa 
tional cell, forces placed on air in said computational cell by 
air in adjacent cells, and gravity. 

5. The method of claim 1, further comprising: 
determining a thrust of said turbine blade based on the 

force vector. 
6. The method of claim 1, further comprising: 
determining a torque of said turbine blade based on the 

force vector. 


